The DNA templates containing immediate early (IE) genes of human cytomegalovirus (CMV) were transcribed in vitro by using a HeLa cell extract. When IE region 1, 2, and 3 were used, transcription was detected qualitatively only from IE region 1. Transcription was detected with DNA representing IE region 2 when the IE region 1 promoter was not present. DNA sequence analysis of the upstream regulatory region of IE region 1 detected two distinct repeats of 19 and 18 nucleotides, both being repeated four times. A putative cruciform structure could form through the surrounding sequences with each 18-nucleotide repeat being located in the unpaired region. The potential secondary structure and the repeat sequences in the regulatory region of IE region 1 are presumably related to the high level of transcription of this IE gene.
Human cytomegalovirus (CMV), a member of the' herpesvirus classification group, has a large double-stranded DNA genome of 240 kilobases (kb). The viral genome consists of a long-and short unique region flanked by differept repeat sequences 'that are inverted relative to each other. Four genome arrangements, resulting from the possible combination of inversions of the two sections of the genome, are present in DNA preparations in approximately equal amounts (1) (2) (3) (4) (5) (6) (7) .
At immediate early (IE) times after infection-i.e., in the absence of de novo viral protein synthesis, 88% or more of the viral RNA originates from a region in the long unique component of the viral genome (6, 8, 9) between 0.660 and 0.751 map units for the Towne strain (8, 10) . One or more of the IE viral genes presumably codes for a viral regulatory protein that stimulates transcription from other regions of the vital genome.
Based on the high steady-state levels of viral mRNA and the abundance of its translation product in the infected cell, the IE gene between 0.739 and 0.751 map units is highly expressed and has been designated IE gene 1 or the major IE gene (11, 12) Adjacent IE genes from 0.732 to 0.739 (region 2) and from 0.709 to 0.728 (region 3) map units are expressed at relatively low levels and, consequently, are considered minor IE genes (12) . Transcription under IE conditions is also detectable from another adjacent region of approximately 0.660-0.685 map units (6, 8) , but we have failed to translate in vitro hybrid-selected RNA encoded by this region; consequently, the expression of this region requires further investigation.
Because CMV IE gene expression is dominated in vivo by the expression of a single gene, we were interested in determining the properties of the promoter-regulatory region and whether or not region 1 was highly transcribed in vitro relative to regions 2 and 3. The DNA sequence upstream of IE region 1 of CMV may constitute the earliest point at which expression of the viral genome is regulated at the level of transcription.
MATERIALS AND METHODS Genetic Map and Recombinant Plasmids. Physical maps of the entire CMV genome were developed by LaFemina and Hayward (5) . The cloning, purification, and characterization of recombinant plasmids containing insertions of CMV DNA have been described (13) . Recombinant plasmid pCB42 and pSmaF are gifts from R. LaFemina and P.' Weil, respectively. A physical map of the Xba I fragment E and the recombinant plasmids representing this region have been described by Stinski et al. (12) . Restriction endonucleases were obtained from Bethesda Research Laboratories or New England BioLabs. The conditions were as described by the supplier. After digestion, the DNA was extracted twice with phenol/chloroform, 1:1 (vol/vol), and twice with chloroform, precipitated twice with ethanol, and resuspended in 10 mM Tris HCl, pH 7.9/1 mM EDTA.
Preparation of HeLa Cell Extracts. HeLa cells were obtained from W. C. Summers. Spinner cultures were grown to a density of 4-5 X 105 cells per ml. In vitro transcription extracts were prepared by the method of Manley et al. (14) .
In Vitro Transcription and RNA Fractionation. In vitro transcription was as described by Manley et al. (14) . Recombinant plasmids cut with various restriction enzymes to generate linear templates were at a concentration of 100 ig per ml. Some reactions contained a-amanitin (1 pg/ml; Sigma) to inhibit RNA polymerase II activity. The 32P-labeled RNA was subjected to electrophoresis in 1.5% agarose gels containing 10 mM methylmercury (II) hydroxide as described by Bailey and Davidson (15) . Molecular weight standards were 23S (3.3 kb) and 16S (1.7 kb) Escherichia coli rRNA (16), 28S (5.3 kb) and 18S (2.0 kb) human' cell rRNA (17) , and approximately 0.160 kb tRNA. To visualize the RNA, the slab gels were stained in a solution containing 0.5 M ammonium acetate, 0.005 M 2-mercaptoethanol, and 1 ,ug of ethidium bromide per ml. The gels were dried and exposed to Kodak XOmat AR film. RNA sizes were interpolated from a standard curve.
DNA Sequence Analysis. Recombinant plasmid pXEP 22 containing the 5' end of the major IE RNA (18) and its promoter-regulatory region (12) were digested with the appropriate restriction endonucleases, fractionated by electrophoresis in agarose or acrylamide gels, and eluted electrophoretically. The methods used for labeling DNA in vitro and for sequence determination by the chemical modification and degradation procedure of Maxam and Gilbert (19) have been described (18 
RESULTS
In Vitro Transcription Using DNA Templates for IE Genes. At least three promoters between 0.709 and 0.751 map units influence IE transcription after infection with CMV (12). One IE viral gene (IE region 1) is highly expressed, whereas the other (IE regions 2 and 3) are expressed at relatively low levels based on steady-state levels' of mRNA in the cytop'lasm (12) . These viral genes are also referred to as the major and minor IE genes. of these viral genes, direction of transcription for IE region 1, and the RNA size classes originating from the various regions as described (12) . We previously had designated the transcription in IE region 2 from left to right based on 3' cDNA hybridizations. However, recent evidence obtained by one of us (unpublished data) does not support this interpretation. The direction of IE transcription in this region requires further investigation.
In vitro transcription of these IE DNA templates was analyzed to obtain a general map location of the promoters and Autoradiogram of in vitro transcripts with DNA templates for the IE genes. RNA was synthesized in standard reactions with various DNA templates, extracted, denatured, and fractionated by electrophoresis in denaturing 1.5% agarose gels containing methylmercury(II) hydroxide as described. (A) DNA templates (100 ug/ml) for both major and minor IE genes. Lanes: 1, no added DNA; 2, BamHI-cleaved pXbaIE; 3, Sal I-cleaved pXbaIE; 4, Pst I-cleaved pXbaIE; 5, HincII-cleaved pXEP22; 6, Pst I-cleaved pXEP22; 7, Pst I-cleaved pXEP22 with a-amanitin (1 ,g/rnl); 8, Sac I-cleaved pXEP22. (B) DNA templates (100 pg/ml) for IE region 2. Lanes: 1, BamHI-cleaved pCB42; 2, BamHIcleaved pCB42 with a-amanitin (1 ,g/ml); 3, Pst I-cleaved pCB42; 4, BamHI/Pst I-cleaved pCB 42. (C) DNA templates for IE region 1 and the major late adenovirus promoter. Lanes: 1, Pst I-cleaved pXEP22 (100 ,g/ml); 2, Sma I-cleaved pSmaF (100 ,g/ml); 3, Pst I-cleaved pXEP22 (50 ug/ml) plus Sma I-cleaved pSmaF (50 ,ug/ml); 4, no added DNA. The sizes of the RNAs are shown in kb. Restriction enzyme sites Sal I (Sal), Pst I (P), BamHI (B), HinclI (H), and Sac I (S) relative to region 1 and region 2 DNA coding regions as well as the direction of transcription on the prototype arrangement of the viral genome are designated.
Proc. NaA Acad Sci. USA 81 (1984) Proc. NatL Acad. Sci. USA 81 (1984) ( Fig. 2A, lane 8) . In vitro transcription was also inhibited by treatment with a-amanitin at 1 Mg/ml (Fig. 2A, lane 7) . Fig. 3 shows the nucleotide sequence upstream of the initiation site of IE region 1. The sequences were confirmed by analysis of both complementary DNA strands. The initiation site is designated +1 and represents the in vivo cap site as determined by Stenberg et al. (18) . The sequences reveal typical Hogness-Goldberg boxes and "CAAT" boxes (21, 22) at the predicted distance and in the expected orientations for eukaryotic promoter regions. Relevant restriction enzyme sites are underlined and designated. In the IE promoter-regulatory region, a Sac I site is located slightly downstream of the "TATA" box (Fig. 3) . This explains why in vitro transcription of IE region 1 is eliminated by digestion of the DNA template with Sac I. A HincIl site is located upstream of the CAAT box and, consequently, in vitro transcription with this DNA template was possible, but the amount of transcription was reduced approximately half relative to DNA templates containing the upstream regulatory sequences (see Fig. 2 ). The locations of the 19-and the 18-nucleotide repeat sequences are illustrated in Figs. 3 and 4 . The 19-nucleotide repeat that overlaps into a 18-nucleotide repeat between -397 and -415 was not designated.
Both the 19-and the 18-nucleotide sequence are repeated four times with a 83-95% fidelity. The 19-nucleotide repeat sequence characteristically has a CAAT box-like sequence. One of these is located approximately 60 nucleotides from the cap site. A central sequence was highly conserved within the 18-nucleotide repeat and is underlined (Fig. 4) . A 16-nucleotide repeat with the consensus 5'C-T-T-G-G-C-A-G-T-A-C-A-T-C-A-A3 is also repeated four times with a 63-100% fidelity but is not designated. Putative Cruciform Structures with Direct Repeats Located 5' to the TATA Box. In each case, the 18-nucleotide repeat sequences are located in the unpaired region on a putative cruciform structure that could form through the surrounding sequences. The stability of each structure was estimated by the method of Tinoco et al. (20) . Two different-type structures could form between nucleotides -54 and -198 with stabilities ranging from -11.5 to -28.6 kcal per strand. The structure with a stability of -28.6 kcal per strand could form a cruciform structure through the 19-nucleotide direct repeat sequence (Fig. 5) . Structures also could form between -252 and -289 (-6.5 kcal) and -397 and -440 (-16.8 kcal). For each putative cruciform structure, the 18-nucleotide repeat sequences are positioned usually to the top of the loop. The formation of these structures is hypothetical and would require the torsional tension of the DNA to be high.
DISCUSSION
When the complete promoter-regulatory regions were present, such as IE region 1 (25) . Therefore, a correlation might exist between a number of cruciform structures, potential stability of cruciform structures, the position of the sequences, and the promoter strength.
The functions, if any, of the 19-, 18-, and 16-nucleotide repeat sequences are unknown. It is interesting that the 19-nucleotide repeat sequence is highly conserved in the Colburn strain of simian CMV, but the 18-and 16-nucleotide repeat sequences are only marginally conserved (K. T. Jeang and G. S. Hayward, personal communication). Conservation of these sequences in different CMVs suggest that they have an important role in IE gene expression.
The immediate early (a) genes of herpes simplex virus also have cis-acting regulatory sequences that have been characterized by the presence of repeated sequences and GC-rich inverted repeats (26, 27) . These upstream sequences impart upon the IE genes of herpes simplex virus or other genes such as thymidine kinase or ovalbumin a capacity to be positively regulated (26) (27) (28) (29) (30) . Therefore, the upstream sequences of herpesviruses represent regulatory elements that influence the expression of important regulatory genes. In the case of CMV, only one gene is expressed in high abundance in the absence or presence of de novo protein synthesis at 1 hr after infection. This major IE gene is located between 0.739 and 0.751 map units (Towne strain) and codes for 1.95-kb mRNA that translates to 72,000-dalton protein (12) . With-in 100 to 468 nucleotides upstream of the major IE gene are palindromic sequences and repeat sequences. Whether or not these repeat sequences are associated with cruciform structures in the DNA molecule is hypothetical. Nevertheless, we proposed that these sequences and their surrounding dyad symmetry play a role in the relative amount of gene expression.
